NOMENCLATURE
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Real, reactive power demand at bus j ∈ N . P Constrained Optimal Power Flow (SCOPF) is an extension of optimal power flow (OPF) that seeks to optimize a system objective (typically variable operating cost), while enforcing constraints of the normal operating state, as well as constraints that ensure acceptable operation under contingencies. The general title of SCOPF can encompass a wide range of modeling considerations depending upon the time scale of interest, the range of decision variables and control actions considered, and the contingency scenarios represented. In this paper, we focus on the "preventive" SCOPF (PSCOPF) [2] , and focus on a short time scale in which the main post-event remedial action is that of primary frequency response. Practical SCOPF problems can present extremely large dimension when many contingencies are considered [3] . However, empirical evidence in the literature suggests that in many cases, large numbers of contingency constraints may be inactive, with only a subset of constraints determining the feasible region [4] . Techniques to exploit this characteristic are introduced [2] , [5] , and more recent approaches to finding and eliminating inactive constraints are presented in [4] , [6] , [7] . Other work [8] has proposed contingency filtering through an iterative PSCOPF approach.
However, for computational tractability, most of approaches above use DC power flow approximations. Such linear approximations potentially compromise accuracy under stressed system conditions likely to be encountered in many contingency cases. In part due to these concerns, other authors has advocated treatment of the full nonlinear PSCOPF problem [9] . In [10] , the authors use interior point methods with contingency filtering and network compression method seeking to make the PSCOPF tractable for large-scale systems. A recent European project (GARPUR) [11] also discusses the computational challenge of nonlinear SCOPF in large-scale systems, and the value of breaker switching as corrective action.
PSCOPF studies that treat contingencies in which breaker action yields bus splits or bus mergers present additional computational challenges to many existing formulations. This is because many standard PSCOPF use the so-called "bus-branch model." Over-simplifying slightly, bus-branch models may be characterized as being based purely on nodal analysis, in which buses play the role of circuit nodes, and bus (node) voltages are the only electrical variable explicitly maintained. The nodal analysis formulation gives rise to the familiar bus admittance matrix, Y bus , on which standard power flow formulations are based. Such Y bus -based models require work-arounds to represent circuit breaker action that splits or merges buses, which then changes the number of buses represented. One widely adopted work-around for this is that of "topology processing;" oversimplifying slightly, topology processing constructs a distinct (and possibly differently dimensioned) Y bus for each possible breaker configuration. Therefore, comprehensive study of such contingencies using topology processing involves creating the equivalent of a large number of bus-branch models to describe the many possible post contingency topologies [12] .
More complete approaches are often termed "node-breaker" models, replacing the simplified bus models by fully described substation (e.g., circuit breakers, switches, etc.) [13] - [16] for contingency analysis. Node-breaker model often employ more general circuit analysis techniques, such as Modified Nodal Analysis, to overcome the limitation of nodal analysis that every element's current is describable as a function of its voltage. In particular, consider representation of an ideal circuit breaker between sections of a bus bar. In the admittance representation (Y bus ), the breaker is troublesome because it constitutes an infinite admittance when closed, and a zero admittance when open. This suggests value in new approaches to describe the node-break model for the PSCOPF problem.
To this end, this paper builds authors' previous work [17] , [18] which introduces Sparse Tableau Formulation (STF) for power system network to formulate the nonlinear PSCOPF problem under the node-breaker model. Benefits of STF-based formulation specific to power flow equations were explored in the late 1970s and early 1980s by [19] and [20] . STF is in many ways the most versatile formulation of circuit equations, and may be viewed as a natural generalization beyond Modified Nodal Analysis.
The work here seeks to make the following contributions in formulating the PSCOPF problem in a STF framework:
r Provide a very general modeling approach based on STF, and apply it to formulate the full nonlinear PSCOPF problem. Show that STF easily encompasses PSCOPF, representing contingency scenarios having circuit breaker actions between buses, without topology processing.
r Explore relative performance of two PSCOPF formulations: (i) Rectangular STF uses rectangular coordinate system for bus voltage and current variables; and (ii) Hybrid STF uses polar coordinate system for bus voltages and rectangular coordinate system for bus current variables.
r Conduct a comprehensive numerical study based on the RTS-96 and EPIGRIDS 1600-bus network to evaluate proposed methods in terms of computational time, objective value (convergence) and memory use in comparison with the standard modeling approach.
r Consider pre-defined correction actions via circuit breaker switching between buses with binary parameters. The rest of the paper is organized as follows. Section II describes enhancements to standard OPF associated with the PSCOPF as formulated here; the governor power flow equations in contingency cases and node-breaker model. Section III discusses STF in the node-breaker model for the PSCOPF problem and constructs PSCOPF formulations in two different coordinate systems. Section IV investigates computational performance of proposed STF. Conclusions are presented in Section V.
II. ENHANCEMENTS TO YIELD PREVENTIVE SCOPF

A. Problem Statement
A general formulation for the PSCOPF is expressed as:
subject to
Notice that a finite set of contingency cases are indexed as c with c = 0 denoting the base case configuration. In each contingency case, the additional constraints, equality and inequality, associated with outage contingencies are introduced as security constraints, in which new set of power balance equations and line flow equations are added for each outage contingency. These new sets of equations are represented by the indexed g c and h c , where a different operating point that the network could take for each contingency scenario is allowed with the indexed variable set.
In the PSCOPF, the term "preventive" indicates that the generator control settings must be selected such that all base case and contingency constraints are satisfied; adjustment of control set points is not allowed to re-establish feasibility in the face of a contingency. Thus, control variables u 0 correspond to active power generation and voltage magnitude at generator buses. This subset of decision variables is uniform across the base case and all contingencies. State variables x c correspond to voltage angle at all buses, voltage magnitude at load buses and reactive power generation, and can vary across each contingency case.
B. Governor Power Flow Equation
Usually, the OPF problem does not include frequency variables, and power balance model is expressed with only bus voltage variables. However, to allow generators' active power outputs to vary (modestly) away from their setpoint values in post-contingency, here we assume that the actual active power generation is composed of the setpoint value plus a term proportional to a system-wide frequency error. Even for line outage contingencies, system loss may change from the base case, requiring generation shift to maintain system-wide power balance. System-wide power imbalance causes the interconnection frequency to move away from nominal value. The formulation here utilizes system frequency error as a type of slack variable, allowing it to take on a distinct non-zero value for each contingency case.
The approach seeks to approximate the first control action to maintain frequency, that of governor response or primary regulation [21] . The power system network normally sees the speed droop control operate within a few seconds and reaches its maximum within a few tens of seconds after a disturbance. Then, full recovery is provided by longer time scale adjustments through automatic generation control (AGC), contingency reserve activation, and other controls. While STF formulation can be easily extended, for simplicity only the short time scale governor control action is represented here. These constraints with frequency-based adjustment of generators' active power output are often described as "governor power flow equations" [22] , [23] . The active power balance constraints at generator buses will take the following forms.
Power Balance for base case:
Power Balance with governor action for contingency cases: where ΔP g,j = −η j Δω with η j droop coefficients for generator j, and Δω is a slack variable representing a frequency change. A minor variation on this approach is also discussed in [24] , with system-wide imbalance of real power in contingency case and generator participation factors. In that approach, systemwide imbalance of active power serves as the slack variable, and generator participation factors reflect governor action renormalized with respect to power imbalance. Notice that this approach is very similar to the governor power flow approach of this section. The authors have performed computational experiments confirming that two approaches yield the same solution (as expected), but find the governor power flow formulation preferable due to its conceptual clarity. Introduction of a frequency slack variable also is advocated in [25] .
C. Sparse Tableau Formulation for the Node-Breaker Model
Textbook power flow formulations and transmission planning studies often use the bus-branch models to represent power system networks. These models typically use a single bus to represent each substation, thus do not seek to represent details of circuit breakers within a substation. Fig. 1 illustrates a bus-branch model on the left in which details of circuit breakers and nodes are aggregated into buses, while, as its name indicates, the node-breaker model on the right maintains these details [26] . In particular, note that in the greater detail on the right, bus 1 is composed of four nodes connected in a ring configuration. With all lines in service, the same busbranch model results from a node-breaker model in which all four breakers A1 to A4 are closed, or from the case for which only A1 to A3 are closed, A4 open. That is, with all lines in service, we get the same bus-branch model whether A4 is open or closed. However, consider a contingency in which line a is removed from service. In the node-breaker model, this requires opening circuit breakers B1, A1 and A3. The outcome of line a being removed from service is very different depending on whether breaker A4 is open or closed.
This simple example demonstrates the ways in which realistic representation of contingencies can challenge bus-branch models based on Y bus . A Y bus -based analysis must rely on "topology processing," which may be viewed as a means to switch between differently structured, and often differently dimensioned, Y bus matrices depending on breaker settings [12] . In STF formulation developed here, the KVL and KCL circuit constraints are formulated for the "maximal" set of all possible nodes, with each circuit breaker (or line, transformer, etc.) treated as an individual component. For example, the illustration of Fig. 1(b) has eight nodes, and eleven circuit components (though note that lines c and d must terminate to additional nodes not shown the diagram). The opening or closing of a breaker changes the voltage-to-current relation of that one component, but does not change the network topology.
Notation for STF follows that previously developed in [17] , [18] . With variables v, i ∈ C 2|K | (port voltage/current) and V, I ∈ C 2|N | (bus voltage/current) where |N | is number of buses and |K| is number of network elements, parameters F v , F i , A, I, 0 (network element matrices, node-to-element incidence matrix and appropriate dimension of identity and zero matrix), STF for power system can be expressed as ⎡
Notice that the equation (2) is a general formulation for linear components. To specialize STF to the power system application, consider the three common components of transmission line, transformer, and circuit breaker, each of which can be represented as two-port element shown in Fig. 2 . In this context, port a quantities are typically sending end positive sequence voltage and current, and port b quantities are receiving end. Consider the case of a transmission line. The linear component equations for a line k can be expressed as:
where Z, Y are impedance and shunt parameters for line k. For an ideal transformer, the component equations are:
where n is complex turns ratio for transformer k. Finally, for a circuit breaker k, one has:
with γ = 1 for circuit breaker closed and γ = 0 for circuit breaker open.
Remaining constraints are simple linear expressions imposing Kirchhoffs voltage law (KVL) and Kirchhoffs current law (KCL) interconnection constraints. Since a node-to-element incidence matrix A ∈ R |N |×2|K | is defined over all network elements, we need to organize all network element variables (port voltages and port currents) as
T is the transpose operator. The goal of KCL is to efficiently assemble the right-hand side of the general current balance equation. To this end, the incidence matrix is composed entirely of values of 1 or -1 or 0. In keeping with standard textbook presentations, we define: 
With incidence matrix A, the current conservation law of KCL is written simply as Ai = I where I is the nodal complex current injection from generators or loads; i is the complex branch current carried away from node by network elements. We can also use A to relate port voltages to bus voltages in a manner that guarantees KVL is automatically satisfied. The linear constraints of KVL are written as v − A T V = 0. Simply put, the KVL equations assign the appropriate bus voltage to any port voltage of a port connected to that bus. Now, to construct the sparse tableau matrix (2), F v ∈ C 2|K |×2|K | and F i ∈ C 2|K |×2|K | can be constructed in block diagonal form as
where F v and F i are block diagonal matrices composed of previously described F k,v , F k,i . Finally, STF for power system network including all network elements can be expressed as (2) . Further details can be found in [17] , [18] including review of the relationship of STF to Nodal Analysis and Modified Nodal Analysis.
Readers may note that STF as formulated thus far is purely linear, while any representation of the AC power flow must be nonlinear. Nonlinear behavior is introduced through bus current source elements I, with a special class of nonlinear one-port element to describe generation and load behavior. In particular, the component equations for a bus current source I j at bus j is defined as:
For simplicity, the element index j is assumed to be the same as the index of the bus to which it connects. With this indexing choice, S j = S g,j − S d,j , i j = I j , and v j = V j implying
where S g,j and S d,j are specified complex power generation and load at bus j. Notice that equation (7) is equivalent to S j = V j (I j ) * , which is the typical "power balance equation." Readers may observe that the KVL equation (v = A T V ) allows for a trivial elimination of the components' port variable. We term the result a reduced STF (RSTF), yielding:
Modern optimization packages easily recognize and exploit this elimination whether or not it is "pre-performed" by the user, and in the authors' experience, computation times are nearly identical for either. Hence, for conceptual clarity, use of the full STF for PSCOPF-DR is advocated here.
III. FORMULATION OF THE OPTIMIZATION PROBLEM USING SPARSE TABLEAU FORMULATION
A. Sparse Tableau Formulation for Contingency Analysis
This section discusses the method to implement contingencies, focusing on line outages and circuit breaker actions of bus splits and bus mergers, using STF with node-breaker detail. Consider the modeling of transmission line with transformer which is usually done by combining these two. Using transmission matrix representation (T R), parameters for the line that has a transformer (T R total ) can be expressed as 
Similarly, the status of circuit breaker for bus splits and bus mergers can be expressed by linear element equation for circuit breaker status (CBS):
These two equations implement the status (on/off) of transmission line k and circuit breaker k for bus splits and bus mergers with pre-defined parameters γ k,c . This provides the non-dynamic data structure for each contingency c.
B. Problem Setting
In the PSCOPF problem, any single component (transmission line, transformer, circuit breaker and generator) can be considered for the contingency case, but transmission line and circuit breaker are only considered for this work. The most common objective function, dollar-per-hour operating cost, is used with only generator set points (we assume that the compensation of generator is achieved based on only its set point power) In this work, we assume 4% of droop percentage value for each generator implying η j = 
Transmission line status (TLS):
γ k,c −α k γ k,c 0 −ζ k γ k,c v k,a,c v k,b,c + (1−γ k,c ) β k γ k,c γ k,c τ k γ k,c −(γ k,c −1) i k,a,c i k,b,c = 0 0 , k ∈ L, c ∈ C (9a)
Circuit breaker status (CBS):
Kirchhoffs current law (KCL):
Kirchhoffs voltage law (KVL):
Active power balance:
Reactive power balance:
Generator output limit:
Voltage magnitude limit:
Voltage magnitude fix:
Line thermal limit:
Frequency error limit:
Slack bus condition:
Base case condition:
Two set of equations, base case and contingency case, are described in detail. The base case represents the typical OPF formulation with the equation (9m) for c = 0. The contingency case represents the OPF formulation in quasi steady-state operating with Δω c = 0 for c ∈ C/{0}. In the contingency case, equality constraints associated with voltage magnitude control is expressed in equation (9i), which indicates that the voltage magnitude at generator buses should remain unchanged from the base case value over contingency cases. 
D. Hybrid Sparse Tableau Formulation
Reason to have the polar coordinate system only for bus voltage variable is due to the caveat that the voltage magnitude constraints in rectangular coordinates tend to encounter significant problems for the power flow convergence [27] . HYB-STF formulation for the PSCOPF-DR problem with the same objective function used in REC-STF can be written:
Kirchhoffs voltage law (KVL):
Voltage magnitude fix: Similarly, two set of equations, base case and contingency case, are described in detail. Because voltage magnitudes appear explicitly as variables, voltage limits and fixed voltage equations are linear. Bus current is still expressed in rectangular form. As a result, one has linear KCL, and nonlinear KVL equations. Remaining equations; network element equations (9a),(9b), generator limits (9g), current flow limits (9j), frequency error limits (9k), slack bus angle reference (9l) and base case condition (9m), stay the same. The two different STF formulations for the PSCOPF-DR problem are summarized in Table I .
IV. NUMERICAL CASE STUDIES
This section presents case studies to illustrate the effectiveness of the proposed PSCOPF-DR formulation using STF. Problems are formulated in GAMS and solver KNITRO and IPOPTH [28] are selected based on the extensive empirical studies on standard ACOPF problem in [29] .
In this work, two network systems are considered. The RTS-96 network [30] is employed as a test case on the scale of one hundred buses, and the EPIGRIDS 1600-bus system [31] , a synthetic system produced under the ARPA-E GRID DATA project, is employed as a somewhat larger test case. Each test system has two representations, one in the bus-branch model (BBM) and one in the node-breaker model (NBM). Modifications made to each system to incorporate bus-breaker detail are shown in Fig. 3  and 4 . For the RTS-96 network, three substations are expanded to include a circuit breaker between buses. For the EPIGRIDS network, ten substations are expanded to include circuit breakers in a triangular shape among buses. Resulting network characteristics are summarized in the Table II with the number of buses, transmission lines and circuit breakers (CBs). Notice that the number of buses and CBs in the NBM is slightly larger than the BBM due to its detailed representation of substations with CBs. Other network elements such as generators, transformers and shunt elements are same for both networks. For the contingency case, only line outage is considered for the BBM and line outages and CB actions are considered for the NBM. Notice that CB action describes bus splits and bus mergers. As an example with the RTS-96 network, full N-1 contingency case implies that 120 sets of equality and inequality constraints corresponding to each line removal are included in the problem for the BBM, and 123 sets of equality and inequality constraints corresponding to each line outage and CB action are included in the problem for the NBM.
Load demand at buses is not allowed to change over contingency cases and spring weekend at 4AM hour is used for the TABLE II  TEST NETWORKS CHARACTERISTICS load data of RTS-96. While major physical and technical constraints should be met at all times, minor violation on line flow constraints are permitted for a short period of time. For instance, line limits can be expressed with several different values such as normal and emergency rating, where emergency rating are used for a contingency case and higher than the normal rating. These limits are function of the contingency time frame and the precontingency operating point, and are obtained based on the fact that the current magnitude and the period of which the current has flowed on the line contribute to the heat on the line [32] , [33] . In other words, the limits on each network component in the network during a contingency are often less restrictive than those imposed on the component for the pre-contingency case. However, such emergency rating might increase the risk of system instabilities such as voltage collapse or cascading line tripping since these could occur before the corrective control action can be applied [34] . That is, less restrictive post-contingency limits should only be considered as temporary ratings, and it is recommended that the SCOPF problem seeks to find a feasible point satisfying base case as well as contingency cases with normal ratings. Thus, this work uses normal ratings to express line limits for all test cases.
A. Results for the RTS-96 Network
In order to evaluate the performance of proposed two different formulations, this section conducted comprehensive comparison on the RTS-96 network with the purpose of finding a feasible point within the reasonable time. For each experiment, different contingency levels: from 15 component outages through full component outages (full N-1 contingency) are considered for the comparison. The modest size of RTS-96 allows us to examine the full N − 1 contingency cases for the PSCOPF-DR problem. Computational time and objective values for the BBM with standard ACOPF formulation using nodal analysis (NA) [29] are compared with the NBM using STF, which corresponds to our models (9), (10 [10] , [24] to find a feasible point with full N − 1 contingency.
Since the quantity of thermal line limits becomes important when many contingency constraints are considered, for fair comparison, the REC-IV-NA that represents the standard rectangular ACOPF formulation enforcing current magnitude limits on lines is used. Notice that this computational comparison is approximate, because the standard ACOPF formulation is not able to represent the breaker action without topology processing, that was not undertaken here.
The results are summarized in Table III . The entry in the first column indicates the level of contingencies examined. For example, for the BBM, RTS-96(full) indicates the RTS-96 test system with the removal of 120 lines. For the NBM, RTS-96(full) is the RTS-96 test system with the removal of 120 lines and 3 circuit breakers. Objective values of RTS-96(full) are different since the NBM has three more circuit breaker contingencies. As one might expect, increasing the level of contingencies studied, not only the objective value increases but also typically computational time increases. In general, REC-STF and HYB-STF are comparable to REC-IV-NA in computational speed. In KNI-TRO, REC-STF tends to be faster than HYB-STF, but the reverse is true when employing the IPOPTH solver. In some instances, REC-STF and HYB-STF are faster than REC-IV-NA.
B. Results for the EPIGRIDS Network 1) Corrective approach:
Notice that generator terminal voltage magnitude is assumed to be held within narrow bounds about its setpoint value in contingency cases [35] . In particular, for the EPIGRIDS network studies, the following limits are imposed:
where ε is the allowable deviation of generator voltage magnitude from the base case condition after contingency. Note that ε = 0 indicates "preventive" approach. For this test, 2% (0.02) is used for ε and voltage fix constraints (9i), (10e) are replaced with (11) . Consideration of all N − 1 contingency cases for the EPI-GRIDS network proved unmanageable within the memory limitation of computational tools employed in this study. Therefore, the study here considered up to 200 contingencies, which leads to the total of around 500 violations (line limit and voltage magnitude limit) from a conventional (non-OPF) power flow computation. Table IV summarizes results for the PSCOPF-DR problem in this system. An entry of "No Memory" indicates the optimization routine was unable to reach solution due to memory limitations.
For the EPIGRIDS network, its increased objective values are smaller compared to the RTS-96 network. This is because the EPIGRIDS has more parallel lines in the contingency list and its corrective approach with voltage magnitude constraints. It may be also observed that REC-STF and HYB-STF outperform REC-IV-NA as more contingency cases are considered. The authors hypothesize that these results are because REC-STF and HYB-STF yield significantly fewer nonzero entries in the Hessian matrix, with significant impact on computational time as the problem size becomes large. Table V describes the SCOPF problem characteristics in the optimization solving algorithm (KNI-TRO) for the EPIGRIDS network. Number of variables (NV), constraints (NC) and non-zero elements in Hessian (NNZH) are shown in detail with only REC-STF for this purpose (similar characteristics for HYB-STF). Observe that REC-IV-NA has less NV and NC than REC-STF, but REC-STF becomes to have significantly less NNZH than REC-IV-NA as the problem size becomes large. However, it is important to mention that computational experiments presented here are preliminary (performed only in GAMS) and could be very dependent on the choice of contingency lists. Therefore, further tests and proofs would be invaluable to demonstrate the computational efficiency of STF approach for the SCOPF problem. As noted previously, the BBM can have only line outages for contingency cases, but the NBM can have line outages and CB actions for contingency cases. Thus, we consider contingency cases of circuit breaker between buses under the NBM with 100 line contingencies. Since the BBM must use topology processing to represent these contingencies, it is not considered in this test. Notice that topology processing would have impact on the stage of SCOPF formulation. The work [12] discusses the algorithm which takes about 0.1 sec to implement topology processing for only contingency analysis. Although such algorithm is highly optimized for speed, it still requires additional efforts such as data verification and coding (e.g., different number of buses for each circuit breaker action in the SCOPF formulation) to represent breaker actions in the SCOPF formulation. However, STF allows simple and straightforward method to have breaker actions in the SCOPF formulation under the NBM, which provides the advantage of uniform data structure. Based on empirical results from the RTS-96 and EPIGRIDS test networks, the studies display the following characteristics: 1) As expected, if one increases the level of contingencies studied, the system operating cost and computational time typically increase. 2) STF is comparable to REC-IV-NA, and STF could be faster than REC-IV-NA as problem size becomes large. 3) In general, REC-STF and HYB-STF appear to be the acceptable formulations for the PSCOPF-DR problem. 4) Importantly, STF provides simple and straightforward method to represent circuit breaker actions in the SCOPF problem for the NBM; in contrast, REC-IV-NA requires additional efforts such as data verification and coding with topology processing.
2) Topological Corrective Action: In this section, we consider topological corrective actions (TCA) for contingency scenarios. TCA via transmission line switching can be done in the BBM, whereas circuit breaker switching that merges or splits buses requires the NBM. Therefore, here we focus on circuit breaker switching that merges or splits buses. These types of circuit breaker actions can be easily incorporated using STF, simply by allowing the parameter γ k,c to be a binary variable. However, the inclusion of topological corrections in the PSCOPF-DR increase the computation time significantly, and the overall problem becomes a nonconvex MINLP due to the introduction of binary decision variables. While of great practical interest, computational tractability remains a significant challenge for such problems [11] .
Therefore, we consider pre-defined binary contingency parameters for TCA with circuit breaker switching, instead of treating the binary quantities as decision variables. To this end, we consider three circuit breakers (CB 1 , CB 2 , CB 3 ) in the substation (bus 16) with 100 contingencies, which has 8 possible positions in total. For example, (CB 1 = 1, CB 2 = 1, CB 3 = 1) means all CBs are closed. The results are illustrated in Table VII , which shows the impact of changing post-contingency breaker settings on objective value and computational time in the PSCOPF-DR problem. Different breaker settings yield different solution and solving time. For this particular test, the network topology with (CB 1 = 1, CB 2 = 1, CB 3 = 0) would appear to be good (if not truly optimal) choice, because it yields the lowest objective value and is faster than other breaker position selections.
V. CONCLUSION
This paper has described a Sparse Tableau Formulation (STF) suitable for the PSCOPF problem, and argued for its efficacy when treating breaker actions that re-configure buses in contingencies. Enhancements necessary for the PSCOPF problem are discussed; governor power flow equations and the node-breaker model. STF proves particularly advantages for the node-breaker model that challenges the traditional modeling approach (nodal analysis). STF approach allows treatment of the PSCOPF-DR problem with full node-breaker detail. It is demonstrated that this approach allows use of uniform structure of KVL and KCL constraints as breakers change, "localizing the impact of any breaker action within a component equation for that one breaker." Computational comparison made with the standard Y bus -based ACOPF formulation shows that the proposed STF formulation provides comparable computational speed in the modest sized problem and the larger problem studied here.
The generality of STF approach allows users to formulate and implement the problem in a manner that is well-suited for the security analysis. Taking the advantage of STF to model network components including circuit breakers, we believe that formulation and implementation for the security analysis becomes simple and straightforward. In addition to the generality, empirical studies here show its comparable computational performance to classic SCOPF formulation. This observation suggests another possible benefit of STF approach, but it requires further investigations to demonstrate its computational efficiency. This is an important future research direction of STF approach for the SCOPF problem.
Another important future research direction will be to develop an efficient method to incorporate integer decision variables, allowing the choice of breaker configurations in each contingency part of the optimization. In addition, it would be interesting to consider more than N − 1 contingency cases such as N − 2 contingency scenarios with "corrective" SCOPF (CSCOPF) using STF. On the computational issue for large-scale systems, we also want to consider a contingency filtering scheme to pre-select critical contingencies, thus reduce the number of contingencies.
